Hot molecular cores in star-forming regions are known to have gas-phase chemical compositions determined by the material evaporated from the icy mantles of interstellar grains, followed by subsequent reactions in the gas phase. Current models suggest that the evaporated material is rich in hydrogenated species. In this paper we consider the chemistry induced in a hot core by the release of phosphine, PH 3 , from interstellar grains. We nd that PH 3 is rapidly destroyed by a series of reactions with atomic hydrogen and is converted, within 10 4 yrs, into atomic P, and PO and PN, with P atoms being the most abundant species. Other phosphorus-bearing molecules can be formed in the hot gas but on time-scales long compared to those of the hot cores.
INTRODUCTION
Despite the relatively large cosmic abundance of phosphorus (P/H = 3 10 ?7 ), molecules containing this element are di cult to detect in the interstellar medium. To date, PN remains the only P-bearing molecule to be observed in molecular clouds, essentially all giant molecular clouds (Ziurys 1987; Turner & Bally 1987; Turner et al. 1990 ), whilst CP has been detected in one carbon-rich circumstellar envelope ). Upper limits in interstellar and circumstellar sources have been determined for PH3, PS, PO, HPO and HCP (see Turner et al. (1990) for a review of the observations). The chemistry of phosphorus in dense interstellar clouds has been discussed previously by Thorne et al. (1984) , Millar, Bennett & Herbst (1987) and Millar (1991) . These studies showed that only PN is likely to be detected in such sources -in particular the reactions of the PHn + ions with H2 are endothermic so that PH3 cannot be formed in the gas -and that the depletion of phosphorus must be large ( P > 100) in cold clouds to explain the non-observation of P-bearing molecules in these sources. If this depletion is the result of phosphorus freezing out on to the ice mantles of dust grains -in warm, di use gas P is essentially undepleted (Dufton, Keenan & Hibbert 1986 ) -then one might expect the release of mantle material in hot molecular cores to inject large amounts of P-bearing molecules into the gas. Since icy grain mantles appear to be dominated by simple hydrides, such as H2O, CH4 and NH3 (Whittet 1993) , one expects the dominant P-bearing molecule to be phosphine, PH3. This is also consistent with the fact that purely gas phase models of cold, dense clouds predict atomic phosphorus to be abundant. It is the accretion and hydrogenation of these atoms which gives rise to PH3 in the mantles.
The subsequent evaporation of PH3 might be expected to lead to its detection in hot molecular cores. Turner et al. (1990) have listed three basic processes which might act to make this PH3 undetectable. First, PH3 may not form on grains; second, PH3 may be di cult to evaporate; third, once evaporated it may react rapidly to form another molecule. Since H2O is the dominant ice in any molecular mantle observed in the interstellar medium, it is clear that the second process cannot occur -PH3 will be driven o with the H2O at T 90 K ). Turner et al. rule out the third process on the grounds that PH3 is a stable ( 1 A1 electronic ground state) molecule and suggest that the rst process is most likely. However, this is in con ict with observations of O, C, N and S-bearing molecules in hot cores, all of which are consistent with models in which the mantles are composed of simple hydrogenated ices (Brown, Charnley & Millar (1988) , Charnley, Tielens & Millar (1992) , Charnley (1994) ). Thus one expects PH3 to be injected into the hot core gas. In this paper, we study the chemical evolution of PH3 upon evaporation from grain mantles in hot core regions. We nd that phosphine and its simpler hydrides are quickly destroyed by reactions with atomic hydrogen. These reactions are exothermic and, although possessing activation energy barriers, the sizes of these are less than those involved in the reaction of H atoms with species such as NH3, CH4 and H2O. The hot core chemistry of PH3 is therefore similar to that of H2S (Charnley 1994 ). We present detailed models of the subsequent chemistry and discuss the dependence of molecular abundances on the temperature of the hot core gas. 
THE CHEMICAL MODEL
We follow the chemistry in the hot gas assuming injection of PH3 from the grain mantles at a time which we label t = 0. The chemical reactions and rate coe cients for the Pbearing species are taken from Millar (1991) . We have added a number of reactions which are listed in Table 1 . In the main they describe the chemistry of PH3 and its related ions. The rate coe cients for the H + PHn (n = 1-3) reactions are taken from Kaye & Strobel (1983) and are based on the experimental work of Lee et al. (1976) . In addition, we have included some ion-molecule data tabulated by Anicich (1993) , most of which are taken from Smith, McIntosh & Adams (1989) .
The initial mantle composition is given in Table 2 and is based on the work of Charnley et al. (1992) and Charnley (1994) . The initial steady-state ion abundances were calculated for a dense core at 10 K in which the heavy elements are entirely accreted on to grains and where gas-grain collisions contribute to the ionisation equilibrium (Umebayashi & Nakano 1990; Charnley 1994, in preparation) . Since the activation energies of the H + PHn reactions are small relative to both other hydrides and the temperature of the hot core gas, we have calculated models for T = 100 K and 300 K. We have chosen a total hydrogen nucleon density of nH = 2 10 7 cm ?3 , a visual extinction of 300 mag, so that photoprocesses can be neglected, and a cosmic-ray ionization rate of 1:3 10 ?17 s ?1 per H-nucleon. We calculated molecular abundances in a static core model for a period of 10 6 yrs after the evaporation of the mantle material at time t = 0. This time-scale is far longer than the ages of hot cores which are likely to be 10 4 yrs according to Olmi, Cesaroni & Walmsley (1993) .
RESULTS
The results of our calculations are presented in Figures 1-3 , which show the time-dependent evolution of the fractional abundances of selected species for T = 100 K and 300 K, and for those species containing C-P bonds (300 K model only), respectively. Note that our results scale directly with the adopted PH3 abundance; we have taken the largest value consistent with the PN observations.
The chemical destruction of injected, hydrogenated molecules, such as H2O, is due to the dissociative recombination of protonated ions following cosmic ray ionisation of H2 and subsequent reaction of H + 3 with the evaporated molecules, a process which also, depending on the product channels, produces reactive atoms and radicals, including atomic hydrogen. The PH3 injected into the hot gas at time t = 0 is attacked by these H-atoms in the reaction H + PH3 ?! PH2 + H2
(1) which has an activation energy barrier EA=k = 735 K (Lee et al. (1976) ) and which removes PH3 from the gas on a time-scale of 10 4 yrs. The PH2 so-formed also reacts with atomic hydrogen ( (10) which results in P atoms being the dominant species for t 10 4 yrs (100 K) or 10 3 yrs (300 K). The P atoms react with O2 P + O2 ?! PO + O (11) to produce PO and hence PN via reaction (7).
Because of the small activation energy barriers in the H + PHn reactions, the chemical evolution of the P-bearing species is most a ected by the kinetic temperature and, for the hottest cores, by the presence or otherwise of molecular oxygen in the ice mantles. When O2 is initially injected from the grains into 100 K gas , there is little di erence between the ensuing chemistry and that shown in Figure 1 . This is because O2 can be rapidly formed by O + OH ?! O2 + H: (12) The O2 formed in (12) is destroyed by He + and C, but it is the temperature-sensitive chemistry of OH and O which determines whether or not molecular oxygen can be formed efciently. Hydroxyl molecules are produced from evaporated water following protonation and dissociative recombination. In warm 100 K gas OH is destroyed in the neutral process OH + CO ?! CO2 + O:
(13) At 300 K, the endothermic reaction OH + H2 ?! H2O + H ? 2100K (14) makes a contribution to OH destruction which is comparable to that of (13). Atomic oxygen is produced by He + attack on CO. In 100 K gas, O atoms are removed by OH in reaction (12); however at 300 K the endothermic process O + H2 ?! OH + H ? 4480K (15) dominates its destruction; the OH so-formed is lost in reactions (13) and (14). Consequently, in the hottest gas both O and OH are destroyed more e ciently and this is why the 300 K models are most sensitive to the injection of O2 from grains (cf. Figure 2) .
Increasing the kinetic temperature of the gas has the e ect of decreasing the atomic oxygen abundance and thus suppressing PO formation via reactions (5) and (6), as shown by the lower peak abundance of HPO compared to Figure 1 . Both the peak PO and PN abundances are also depressed and most of the original phosphine is present as atomic phosphorus for t 10 3 yrs. When mantles containing O2 are evaporated into 300 K gas (Figure 2 ; broken curves), the time-scale for the destruction of oxygen molecules is much longer than the evolution of the phosphorus chemistry and so reaction (11) can sustain greater abundances of PO and PN at higher temperatures.
We nd that phosphoretted molecules containing carbon become quite abundant as the core evolves, though generally at times much longer ( 3 10 5 years) than probable core ages. Figure 3 shows the evolution of molecules with C-P bonds for the model of Figure 2 without O2 injection. These species are formed by reactions between PH + n ions and evaporated mantle hydrocarbons: methane, acetylene and ethene (Millar 1991) . They are destroyed by oxygen atoms and so, at 300 K, the chemistry of the C-P bonded species is independent of the initial O2 abundance (see above). However, at 100 K there is more atomic oxygen available for reaction and only CCP and HCCP exhibit similar evolution to that shown in Figure 3 ; both CP and HCP attain peak abundances in the range 10 ?11 ? 10 ?12 .
We have also explored models which included the highly endothermic reaction P + H2 ?! PH + H (16) with an adopted rate coe cient of 5 10 ?15 cm 3 s ?1 which is equal to the upper limit measured by Husain and Norris (1982) . We were unable to nd any experimental data on the reactions of PH and PH2 with H2. We nd that reaction (16) has the e ect of removing almost all atomic P from the gas by channelling it back into PH which then reacts to form PO and PN as described above. The net result is that most of the initial phosphine is converted to PN. The e ect of inclusion of reaction (16) on the C-P species is to drastically reduce their peak abundances to less than 3 10 ?11 at 3 10 5 years.
CONCLUSIONS
The chemistry of phosphorus-bearing molecules following the evaporation of PH3 from grain mantles in hot molecular cores has been studied using a detailed chemical kinetic model. Because of the low activation energies for the H + PHn reactions, phosphine is destroyed on a time-scale of a few thousand years, which is much more rapid than other saturated molecules, such as NH3 and H2O, released by evaporation. This time-scale is so short that PH3 will be di cult to detect in hot cores. The breakdown of PH3 leads to the production of PH2, PH and P, and thus to HPO, PO and PN, which are formed at increasingly longer times in the chemical evolution. HPO takes up at most about 10% of the available phosphorus but is rapidly converted to PO via reaction (6). The PO abundance peaks around 10 4 yrs before PO is converted to PN. The detailed balance between PO and PN depends to some extent on whether O2 is released in signi cant quantities from the grain mantles and on the temperature-sensitive oxygen chemistry of the hot core. It is important to note that, because of the amount of H2 relative to reactive species in the hot gas, even rate coe cients as low as 10 ?17 cm 3 s ?1 for reactions involving H2 can signi cantly a ect the chemical evolution of the hot gas. For material at 300 K, and with no release of O2, PH3 is converted within 1000 yrs to atomic P and P-bearing molecules lock up at most 10% of the total phosphorus at 10 4 yrs (cf. Figure 2 ). In this case PH, whose submillimetre spectrum has been measured recently by Goto & Saito (1993) , is the most abundant molecule up to a time of 5000 yrs.
The PO/PN abundance ratio is also dependent on the rate coe cients adopted for reactions (7) and (8). If the reactions are faster than the values of 8:9 10 ?12 and 2:25 10 ?11 cm 3 s ?1 adopted here, and/or if the channel forming PN is more dominant than taken here, then the abundance of PN will increase more rapidly than we have calculated. In this regard it is important to note the rapid destruction of PH3 produces atomic phosphorus very e ciently. Despite the uncertainties in the chemical modelling, it is appears likely that in fact P atoms are the dominant phosphorus species in hot cores.
At present no P-bearing molecules have been detected in hot cores, although Turner et al. (1990) report the possible detection of one line of HCP in the Orion Hot Core. Appreciable HCP is made only through ion-neutral reactions which take about 5 10 5 yrs to occur (see Figure 3) . PN has been observed in several giant molecular clouds, all of which are known to contain hot cores, with an abundance relative to H2 which varies widely from source to source, although one should note that such abundances are di cult to determine accurately, in part because of the uncertainty in N(H2) and in part on the unknown e ects of beam dilution. It is possible that the PN which is observed in star-forming regions arises from the dissipation of hot core material.
High spatial resolution observational searches for Pbearing molecules in hot cores could provide a test of the models presented here. Detection of gas-phase PH3 in the IR might be feasible in some young hot cores. PH3 has been detected by this means in Jupiter and Saturn (e.g. Drossart et al. 1990) . The N = 1-0 lines of PH, which fall in the range 423.1 to 494.2 GHz (Goto & Saito 1993) , might also be detectable in young cores. Finally we note that the detection of solid PH3 ice in cold clouds through its fundamental IR absorption band at 4.27 m will be di cult given the low cosmic abundance of phosphorus.
To conclude, we believe that in cold clouds, phosphorus is depleted from the gas and is present in grain mantles as PH3. The conditions under which PH3 is returned to the gas phase are also those which, because of the relatively small activation energy barriers involved, rapidly destroy PH3 and convert it to P and PN. The transient nature of the chemistry means that P-bearing molecules will be di cult to detect in all but the youngest hot cores. However, upon dispersal of the hot gas by stellar winds etc., the ambient medium should be enriched in atomic phosphorus and PN.
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